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FOREWORD 


The  fabricated  products  used  in  this  study  were  produced  and 
supplied  by  Alcoa  to  the  Air  Force  in  1977  for  testing.  During  the 
period  following  the  manufacture  of  the  aforementioned  products,  modi¬ 
fications  were  made  in  the  atomization  equipment  and  procedures.  In 
particular,  alterations  in  collection,  metal  transfer  and  filtration  methods 
have  been  made  which  are  believed  by  Alcoa  to  significantly  improve 
metal  quality.  Thus,  the  properties  of  the  1977  products,  reported  in 
this  study,  do  not  fully  represent  the  properties  of  the  materials  currently 
being  produced  by  Alcoa . 

This  investigation  was  conducted  by  the  Materials  Research  Labora¬ 
tory,  Inc.,  Glen  wood,  Illinois.  Dr.  E.  J.  Ripling  was  project  manager 
and  Dr.  J.  S.  Santner  was  the  project  engineer.  Dr.  Gregory  Campbell, 
of  Purdue  University,  served  as  a  statistical  consultant. 

Capt.  Stephen  H.  Doerr  and  Lt.  Raymond  H.  Young  were  project 
coordinators  for  the  Air  Force  Wright  Aeronautical  Laboratories,  Inc., 
Wright-Patterson  AFB,  Ohio. 


X 
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INTRODUCTION 


Processing  metals  via  P/M  techniques  provide  several  inherent 
advantages  over  I/M  techniques:  (1)  more  homogeneous  microstructures 
due  to  a  small,  more  uniform  size  of  precipitates,  (2)  supersaturated 
compositions  for  radically  new  alloy  compositions,  and  {3)  a  low-cost 
approach  for  producing  complex  shapes  and  forging  preforms.  To 
date,  two  P/M  aluminum  alloys,  X7091  (formerly  MA87  and  CT91,  more 
recently)  and  X7090  (formerly  MA67,  and  CT90,  more  recently)  have  been 
developed  as  potential  candidates  for  a  wide  variety  of  aerospace  appli¬ 
cations.  At  equivalent  levels  of  stress-corrosion  cracking  resistance, 
X7091  exhibits  equivalent  fracture  toughness  with  higher  strength  and 

exfoliation  resistance  than  the  most  advanced  1/M  alloys,  7050  and 
f  1  21 

7475  '  .  The  P/M  alloy  X7090  has  superior  combinations  of  strength 

and  corrosion  resistance  compared  to  conventional  7000  series  aluminum 
alloys. 

While  rapid  solidification  holds  much  promise  for  property  im¬ 
provements  for  all  structural  metals,  the  prior  experience  with  P/M  ti¬ 
tanium  alloys^'  ^  and  P/M  superalloy s^'  ^  has  shown  that  foreign 

contaminants  can  be  introduced  during  the  processing  of  these  materials. 

A  small  volume  fraction  of  contaminants  can  decrease  the  tensile  (8,  9) 

( 4  5) 

as  well  as  fatigue  properties  '  of  P/M  alloys. 

Foreign  contamination  comes  from  either  the  powder  production 
process  or  subsequent  handling  before  the  material  is  densified.  As 
P/M  billet  production  is  scaled  up  from  laboratory  bench  sizes  to  pilot 
plant  production,  the  possibility  of  contamination  by  inexperienced  op¬ 
erators  increases.  To  date,  there  has  been  no  reported  incident  of 
property  degradation  in  the  new  P/M  aluminum  alloys  X7090  and  X7091. 

The  fact  that  forgings,  extrusions,  and  plates  of  these  alloys  have  been 
successfully  produced  from  a  3200  pound  (  1500  kg)  billet  in  a  commer¬ 
cial  plant^^  makes  this  point  noteworthy.  However,  previous  work 
did  not  directly  investigate  whether  foreign  contaminants  and/or  proces¬ 
sing  anomalies  were  potentially  limiting  the  P/M  aluminum  properties.  The 
present  program  was  undertaken  to  answer  this  question. 
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A  second  objective  of  the  present  program  was  to  investigate 
the  effect  of  notch  acuity  on  the  fatigue  behavior  of  CT91.  Its  K.  = 

3  fatigue  strength  at  10  cycles  was  measured  twice  that  of  7075  or 
7050,  both  1/M  alloys*  .  However,  fatigue  tests  with  more  severe 

notches  found  the  fatigue  strength  to  be  the  same  as  that  in  I/M  al¬ 
loys*12^.  Since  1/M  aluminum  alloys  have  nearly  the  same  notched 
fatigue  strength  irrespective  of  the  notch  acuity,  the  issue  is  raised 
whether  the  P/M  aluminum  alloys  have  improved  notched  fatigue  be¬ 
havior  over  l/M  aluminum  alloys. 

2.0  SCOPE  OF  PRODUCT  EVALUATION 

Air  atomized  powder  of  the  CT91  composition  (6.5  Zn-2.5  Mg- 
1.5  Cu-0,4  Co)  was  chosen  for  evaluation  as  this  material  was  consid¬ 
ered  to  be  of  greatest  commercial  interest.  The  consolidated  material 
was  produced  under  a  previous  Air  Force  contract*11^.  Subsequently, 
Alcoa  has  made  changes  in  their  powder  producing  facility  to  improve 
the  product  quality*  Hence,  the  alloy  will  not  be  identified  by 

its  most  recent  Aluminum  Association  experimental  designation  ( X 709 1 ) , 
but  by  its  precursor  designation  (CT91). 

Two  worked  product  forms,  a  forging  and  an  extrusion,  were 
evaluated  in  the  longitudinal  and  long-transverse  direction.  Both 
products  were  stress  relieved  to  minimize  residual  quenching  stresses. 
Ancillary  tests  were  conducted  on  an  as-compacted  billet  to  provide 
a  reference  fracture  surface  against  which  the  worked  material  can 
be  compared. 

3.0  APPROACH 

3 . 1  Sensitivity  of  Notch  Acuity 

This  portion  of  the  test  program  is  to  determine  the  notched 
high  cycle  fatigue  behavior  of  P/M  forging  and  extrusions  for  two 
orientations.  The  objective  is  to  establish  whether  P/M  aluminum  al- 
loys,  unlike  I/M  aluminum  alloys,  have  a  fatigue  strength  (at  10  cycles) 
which  is  sensitive  to  the  notch  acuity.  Therefore,  the  notched  fatigue 
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strength  must  be  measured  for  at  least  two  notch  geometries.  Eight 
combinations  of  product  form,  orientation,  and  notch  acuity  are  con¬ 
sidered  as  outlined  in  the  first  three  rows  of  Table  1.  For  a  full 
factorial  experiment  with  these  conditions  twelve  specimens  were  avail¬ 
able  for  testing.  The  two  point  method  has  been  developed  and  found 
more  efficient  than  other  techniques  to  measure  the  fatigue  strength^ . 
It  also  offers  the  advantage  that  the  median  fatigue  limit  and  its  two 

standard  deviations  confidence  interval  can  be  estimated  from  tabulated 
f  1 6) 

quantities1  '  if  too  few  specimens  have  been  tested.  However,  the 
two  point  strategy  requires  an  accurate  estimate  of  the  approximate 
fatigue  strength.  Therefore,  preliminary  tests  of  two  specimens  for 
each  combination  of  product  form  and  orientation  are  conducted  to  es¬ 
tablish  whether  the  fatigue  strength  is  nearer  the  I/M  value  or  the 
factor  of  two  higher  values  reported  earlier  for  the  P/M  alloy.  Ulti¬ 
mately,  ten  specimens  are  tested  using  the  two  point  strategy. 

3.2  Sensitivity  of  CT91  to  Foreign  Contaminants  and 

Processing  Anomalies 

To  test  the  sensitivity  of  CT91  to  foreign  contaminants  and 
processing  anomalies,  there  are  two  requirements;  ( 1)  a  wide  range 
of  fatigue  lives  should  be  tested,  and  (2)  outliers  due  to  test  scatter 
must  be  distinguished  from  those  caused  by  material  defects.  It  is 
desirable  to  test  a  wide  range  of  fatigue  lives  since  one  defect  type 
may  initiate  cracks  at  long  fatigue  lives,  while  a  different  material 
defect  may  control  the  behavior  at  short  fatigue  lives.  Since  the  S-N 
curve  is  sigmoidal  in  shape  with  asymptotic  behavior  for  both  short  and 
long  fatigue  lives,  the  inherent  test  scatter  is  greatest  in  the  regions 
of  most  interest.  The  scatter  at  the  upper  asymptote,  the  ultimate 
tensile  strength  for  a  one-half  cycle  test,  can  be  reduced  by  conduct¬ 
ing  strain -controlled  tests  rather  than  load  control  tests.  The  inher¬ 
ent  scatter  cannot  be  reduced  by  this  technique  near  the  lower  asymptote, 
the  fatigue  limit.  Therefore,  sufficient  replication  is  necessary  to 
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establish  the  variance  for  these  testing  conditions  so  outliers  due  to 
material  defects  can  be  identified. 

3.2.1  Phase  1:  Preliminary  Testing 

The  testing  program  is  divided  into  three  phases,  as  shown 
in  Fig.  1.  The  preliminary  testing  program  verifies  the  adequacy  of 
the  specimen  design,  establishes  the  general  shape  of  both  the  load 
life  (S-N)  and  strain-life  (e-N)  curves,  and  measures  the  tensile  and 
cyclic  properties.  Fracture  surfaces  from  broken  tensile  bars  and 
microstructures  provide  comparison  during  subsequent  fractographic 
analysis  of  sectioned  fatigue  specimens  in  Phase  2. 

The  adequacy  of  specimen  design  is  a  concern  as  previous 
smooth  fatigue  tests^1*^  on  CT91  forgings  had  29  percent  of  the  spe¬ 
cimens  fail  in  the  shoulder,  while  seven  percent  of  the  extrusions  had 
similar  problems.  The  general  shape  of  the  fatigue-life  curves  estab¬ 
lished  test  conditions  for  obtaining  selected  mean  fatigue  lives  of  interest 
during  the  second  phase. 

3.2.2  Phase  2:  Detailed  Testing  and  Fractography 

Multiple  tests  are  conducted  for  three  target  fatigue  lives.  Two 
load  levels  are  chosen  to  bracket  fatigue  lives  of  approximately  10 
cycles,  as  this  is  the  fatigue  life  of  most  interest  for  aerospace  struc¬ 
tural  applications  of  aluminum  alloys.  Fatigue  lives  of  approximately 
10^  cycles  are  near  the  transition  fatigue  life  where  the  total  specimen 
deformation  is  equally  divided  between  elastic  and  plastic  strain.  These 
tests  are  conducted  under  strain  control  for  the  reasons  discussed  in 
Section  3.2.  Load  and  strain  levels  are  analyzed  separately  for  each 
test  condition  (product  form  and  orientation)  .  A  statistical  confidence 
interval  of  ±1.5  standard  deviation  establishes  which  specimens  are  out¬ 
liers  in  a  statistical  sense.  This  means  if  the  outliers  are  normally 
distributed,  an  average  of  thirteen  percent  of  the  specimens  are  de¬ 
fined  as  outliers.  On  average,  one  outlier  is  produced  for  each  combina¬ 
tion  of  test  variables  if  ten  specimens  are  tested  under  identical  conditions. 
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Since  ten  is  a  relatively  small  sample  size,  and  the  distribu¬ 
tion  may  not  be  symmetric,  a  sterile  analysis  of  fatigue  life  data  does 
not  provide  sufficient  information  for  the  detection  of  outliers.  There¬ 
fore,  all  the  fractured  specimens  are  given  a  preliminary  optical  frac- 
tography  (up  to  40X)  examination  to  provide  complementary  information 
and  help  identify  outliers  without  relying  solely  on  a  statistical  analysis 
from  fatigue  life  data.  The  optical  fractography  identifies  the  number 
of  initiation  sites,  their  location  (e.g.,  surface  vs.  internal),  and  the 
orientation  of  the  fracture  plane  with  respect  to  the  tensile  axis. 

The  outliers  are  characterized  in  a  SEM  equipped  with  an  EDX 
spectrometer.  Where  appropriate,  the  samples  are  sectioned,  polished, 
and  etched  perpendicular  to  the  fracture  surface  to  further  characterize 
the  relationship  between  the  initiation  site  and  the  microstructure.  The 
scope  of  the  detailed  test  program  is  given  in  Table  2. 

3.2.3  Phase  3:  Verification  Testing  and  Fractography 

The  purpose  of  the  verification  test  phase  is  to  provide  feedback 
within  the  test  program.  As  mentioned  in  Section  3.2.2,  only  one  out¬ 
lier  can  be  identified  if  ten  replicate  specimens  are  run  under  identical 
conditions.  The  outlier  could  have  an  abnormally  short  (-1.5  standard 
deviation)  or  an  abnormally  long  (  +  1.5  standard  deviation)  life.  In  or¬ 
der  to  assess  whether  the  presence  of  foreign  contaminants  and/or  pro¬ 
cessing  anomalies  cause  premature  failure  or  prevent  radically  improved 
performance,  outliers  from  both  extremes  need  to  be  analyzed.  The  pro¬ 
gram  is  designed  to  allow  expansion  of  the  test  conditions  (e.g.,  product 
form,  orientation,  load)  once  the  analysis  of  the  second  phase  is  complete. 

4.0  EXPERIMENTAL 

4 . 1  Specimen  Preparation 

As  mentioned  in  the  scope  of  product  evaluation,  three  product 
forms  are  evaluated:  a  two-inch  (50  mm)  thick  triple  axis  forging;  three 
7/16  inch  (11  mm)  thick  extrusions  with  a  20:1  reduction  ratio;  and  a 
3/4  inch  (20  mm)  thick  cross-section  from  a  6$  inch  (165  mm) 
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diameter  as-compacted  billet.  An  equal  proportion  of  test  coupons 
are  cut  from  the  three  extrusions.  The  two  worked  product  forms 
(the  forging  and  the  extrusions)  have  their  deformation  concentrated 
in  different  regions.  In  an  extrusion,  the  mid- width  material  is  sub¬ 
jected  to  elongation,  while  the  edges  are  heavily  sheared.  In  a  forg¬ 
ing,  the  friction  at  a  biilet/platen  interface  limits  the  metal  flow  to  create 
an  upper  and  lower  "dead  zone".  Beyond  this  region,  the  metal  flows 
laterally  from  the  center  of  the  work  piece  to  the  edges.  This  metal 
flow  produces  the  barrel  shape  which  is  characteristic  of  an  open  die 
forging.  Previous  fatigue  test  results  on  a  single  axis  forging  of 
CT91  show  the  location  within  the  product  form  affected  the  fatigue 
life.  Consequently,  within  each  product  form  an  equal  population  of 
test  coupons  are  taken  from  the  different  regions  illustrated  in  Fig.  2 
where  it  is  reasonable  to  expect  different  concentrations  of  local  strain. 
By  drawing  equal  populations  of  specimens  from  these  different  regions 
within  the  product  forms,  any  effect  of  local  strain  on  the  fatigue  life 
is  normalized.  Furthermore,  the  effect  of  local  strain  is  evaluated  in 
addition  to  the  primary  objective  evaluating  the  sensitivity  of  CT91  to 
foreign  contaminants  and  processing  anomalies. 

4 . 2  Notched  Fatigue 

The  two  theoretical  stress  concentration  factors  chosen  for  this 
study  are  a  of  3  and  a  of  10.  The  former  is  chosen  because  a 
fastener  hole  increases  the  local  stress  by  a  factor  of  three,  and  is, 
therefore,  of  practical  significance.  A  radius  of  0.001  inch  (25  vim) 
is  the  smallest  radius  which  can  be  reproducibiy  machined  into  a  speci¬ 
men.  Therefore,  the  largest  Kt  which  can  be  machined  is  limited  by 
this  fact.  Figure  3  gives  the  geometry  of  the  specimens. 

The  notch  for  the  K  {  =  3  specimens  is  polished,  in  turn,  with 
a  600  grit  slurry  of  SiC  and  6  urn  diamond  paste.  A  jig  saw  is  used 
to  hold  a  nylon  thread  while  the  specimen  is  turned  in  a  lathe.  The 
thread  is  held  at  an  oblique  angle  with  respect  to  the  tensile  axis  to 
produce  a  smooth  continuous  radius  at  the  notch  root.  This  is  verified 
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by  checking  the  notch  geometry  in  an  optical  comparator  after  polish¬ 
ing.  The  notch  for  the  «t  =  10  specimens  is  tested  in  the  as-machined 
condition,  as  there  is  no  means  to  polish  an  0.001  inch  (25  pm)  radius 
notch  without  changing  its  radius. 

All  the  notched  fatigue  tests  are  conducted  on  an  electro- 
hydraulic  closed-loop  test  machine.  Prior  to  testing,  the  alignment  of 
the  test  machine  is  verified  with  a  strain  gaged  specimen.  The  percent 
bending  stress  is  consistently  less  than  three  percent  in  the  apparatus 
shown  in  Fig.  4.  This  figure  also  shows  the  plastic  bag  used  to  con¬ 
tain  a  gaseous  nitrogen  atmosphere.  This  precaution  is  taken  to  assure 
that  the  relative  humidity  of  the  test  environment  would  remain  constant 
during  the  course  of  the  testing  program.  The  specimens  are  kept  in 
a  dessicator  before  and  after  the  testing. 

A  dummy  specimen  is  used  to  adjust  the  feedback  electronics  to 
obtain  the  highest  possible  frequency  to  expedite  the  testing.  A  fre¬ 
quency  of  72  Hz  produced  stable  readings  of  the  maximum  and  minimum 
loads,  which  are  measured  with  a  commercial  peak  reader  (MTS  430  Digi¬ 
tal  Indicator).  The  tests  are  run  with  an  R-ratio  (minimum  load/maximum 
load)  of  0.1  so  the  results  could  be  compared  with  previous  work^^' 

4.3  Smooth  Fatigue 

The  preliminary  smooth  fatigue  specimens  are  machined  with  an 
0.253  inch  (6.4  mm)  diameter,  as  shown  in  Fig.  5.  The  specimens  are 
mechanically  polished  with  a  600  grit  SiC  slurry  impregnating  a  felt  wheel 
on  a  high  speed  grinding  tool  to  remove  any  circumferential  machining 
marks.  The  specimens  are  subsequently  electropol ished  in  a  0°C  (32°F) 
solution  of  500  ml  HNO^,  500  ml  CH^OH,  and  20  ml  HCI  at  four  volts. 

This  specimen  design  proved  to  be  inadequate,  as  thread  failures 
occurred  on  the  early  tests.  Interestingly,  a  stress  concentration  fac¬ 
tor  of  three  is  calculated  from  the  root  of  a  single  thread.  The  threaded 
cross-sectional  area  is  three  times  larger  than  the  gage  cross-sectional 
area.  For  this  reason  the  gage  diameter  is  reduced  25  percent  to  make 
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the  threaded  cross-sectional  area  five  and  one  half  times  larger  than 
the  gage  area.  Unfortunately,  even  this  new  specimen  design  did 
not  always  eliminate  the  problem,  as  illustrated  in  Fig.  6. 

The  load  control  tests  are  conducted  at  a  frequency  of  30  Hz 
on  a  Sonntag  test  machine.  As  done  in  the  notched  fatigue  test  pro¬ 
gram,  the  specimens  are  enclosed  in  a  test  chamber  continuously 
flooded  with  room  temperature  gaseous  nitrogen  to  maintain  a  constant 
relative  humidity  during  the  test  program.  This  precaution  is  not 
used  during  the  strain  controlled  tests,  as  these  fatigue  lives  are  so 
short  as  to  make  them  insensitive  to  changes  in  the  relative  humidity. 

The  tests  are  conducted  at  an  R-ratio  of  0.1  so  the  results  could  be 
compared  with  existing  data  for  I/M  alloys. 

The  strain  controlled  tests  are  conducted  on  a  closed-loop 
electro-hydraulic  system  with  a  commercial  extensometer  (MTS  Model 
632. 26B -20}  using  axial  strain  control.  The  extensometer  is  calibrated 
to  resolve  0.05  percent  strain  in  the  range  of  0  to  3  percent.  The 
frequency  is  changed  to  maintain  a  constant  strain  rate  of  5  x  10~3/sec. 
Tests  are  conducted  at  a  positive  S-ratio  (minimum  strain /maximum  strain) 
of  0.1  to  be  in  parallel  with  the  positive  R-ratio  in  the  load  control  tests. 

5.0  PRELIMINARY  EVALUATION  OF  THE  THREE  PRODUCT  FORMS 

The  metallurgical  structure  within  the  extrusion  provides  stronger 
evidence  for  a  variation  of  local  deformation  within  the  product  form  than 
reflected  in  the  microstructure  of  the  forging.  Figure  7  shows  the  prin¬ 
cipal  planes  of  the  extrusion  at  the  edge  and  middle  locations.  The  L 
and  T  planes  contain  patches  of  the  unrecry  stall  i  zed  subgrain  boundaries 
at  the  edge  location,  while  the  less  heavily  worked  region  at  the  middle 
location  is  completely  recrystallized  by  comparison.  Figure  8  shows  the 
microstructure  at  the  four  locations  defined  in  Section  4.1.  On  average, 
its  grain  size  is  larger  than  that  of  the  extrusion.  In  addition,  areas 
of  recrystallized  and  unrecrystallized  grains  are  found  at  all  four  loca¬ 
tions. 
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The  tensile  properties  for  the  as-compacted  billet,  forging 
and  extrusion  are  tabulated  in  Table  2  (Si  units)  and  Table  4  (English 
units).  It  is  interesting  to  note  that  the  extrusion,  which  has  a  finer 
grain  size  than  the  forging,  has  approximately  a  seven  percent  higher 
tensile  strength  than  the  forging.  The  unworked  product  form  (bil¬ 
let)  has  the  lowest  strength,  as  expected.  These  results  are  illus¬ 
trated  in  Fig.  9  along  with  the  results  of  the  cyclic  stress-strain  curves. 
While  it  is  beyond  the  scope  of  the  present  work  to  understand  the 
mechanism  of  cyclic  hardening /softening  behavior  in  these  P/M  alloys, 
the  cyclic  behavior  is  the  opposite  from  that  reported  for  high  strength 
I/M  alloys;  namely,  the  cyclic  stress-strain  curves  lie  below  the  mono¬ 
tonic  stress-strain  curves.  This  causes  the  cyclic  work  hardening  rate 
to  be  higher  than  the  monotonic  work  hardening  rate. 

Preliminary  strain-control  tests  at  an  0.1  S-ratio  (minimum  strain/ 

3 

maximum  strain)  suggest  for  fatigue  lives  greater  than  10  cycles  the 

extrusions  outperform  the  forgings.  The  opposite  is  true  when  the  fa- 

3 

tigue  lives  are  less  than  10  cycles.  This  observation  is  consistent 
with  the  fact  that  the  extrusion  has  a  modestly  higher  strength  and  lower 
ductility  than  the  forging.  The  improved  ductility  of  the  forging  gives 
it  an  advantage  for  fatigue  lives  less  than  10  cycles,  while  the  improved 

3 

strength  of  the  extrusion  improves  the  fatigue  life  greater  than  10  cycles. 
6.0  EFFECT  OF  NOTCH  ACUITY:  RESULTS  AND  DISCUSSION 

The  results  of  the  replicate  tests  using  the  two  point  method  are 

given  in  Tables  5  and  6  for  the  K  =  3  and  K  =  10  specimens,  respec- 
7 

lively.  After  10  cycles,  the  tests  are  terminated  and  considered  run¬ 
outs.  For  convenience,  the  data  are  ordered  to  check  for  obvious  trends 
in  the  specimen  location  code.  None  are  detected.  Table  7  gives  the 

107  notched  fatigue  strength  of  the  specimens  when  analyzed  by  the  meth- 

(15) 

ods  outlined  by  Little  and  Jebe  .  Neither  product  form  nor  orienta¬ 
tion  significantly  changes  the  fatigue  strength  at  10  cycles.  However, 
the  Kt  =  3  fatigue  strength  is  70  percent  greater  than  that  measured 
for  high  strength  1/M  alloys.  This  value  is  somewhat  lower  than  that 
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reported  by  Cebulak^^.  The  reason  for  this  difference  is  believed 
to  be  the  different  techniques  used  to  calculate  the  fatigue  strength. 

The  K  =  10  fatigue  strength  is  the  same  as  that  reported  for  more 

1  (12) 
severe  notches 

It  is  speculated  that  the  =  3  notch  is  sufficiently  mild  for 
a  significant  portion  of  the  specimen  life  to  be  spent  initiating  a  crack. 
On  the  other  hand,  nearly  the  entire  specimen  life  is  spent  in  crack 
propagation  with  the  sharp  =  10  notch.  Recent  work^^  has  dem¬ 
onstrated  that  the  fatigue  crack  growth  rates  are  approximately  the 
same  in  both  commercial  high  strength  l/M  alloys  and  the  first  genera¬ 
tion  P/M  alloys.  Therefore,  both  these  alloy  systems  will  give  the 
same  fatigue  strength  for  sharply  notched  specimens.  The  fatigue 

crack  initiation  process  in  mild  notches  has  been  studied  by  Kung  and 
(18) 

Fine1  .  They  found  that  the  probability  of  crack  initiation  at  con¬ 
stituent  particles  drops  very  rapidly  below  7  ym.  Since  P/M  alloys 
generally  do  not  have  constituent  particles  above  this  size  range,  this 
mechanism  of  crack  initiation  is  greatly  reduced:  therefore,  the  improved 
fatigue  crack  initiation  resistance  of  P/M  alloys  is  reflected  in  the  fatigue 
strength  of  specimens  with  mild  notches. 

7.0  SENSITIVITY  OF  Al  P/M  TO  FORE ICH  CONTAMINANTS 
AND  PROCESSING  ANOMALIES: 

RESULTS  AND  DISCUSSION 

7. 1  Data  Analysis  of  Multiple  Strain  Control  and 
Load  Control  Tests 

As  discussed  in  Section  3.2.2,  the  data  for  each  load  and  strain 
level  is  first  analyzed  separately  for  both  product  forms  (forging  and 
extrusion)  and  orientations  (L  and  L-T) .  Since  fatigue  life  data  are 
normally  plotted  on  a  logarithmic  scale,  the  log-normal  distribution, 
rather  than  the  normal  distribution,  is  used  in  the  data  analysis. 
Specimens  with  fatigue  lives  more  than  (or  less  than)  +1.5  standard 
deviation  from  the  mean  are  defined  as  statistical  outliers.  This  criteria 
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limits  the  program  scope  to  approximately  13  percent  of  the  samples 
for  detailed  SEM/EDX  fractography .  Table  8  gives  the  means  and 
the  standard  deviations  for  the  three  testing  conditions  for  both 
product  forms  and  orientations.  it  should  be  noted  that  the  standard 
deviation  below  the  mean  is  smaller  than  the  standard  deviation  above 
the  mean.  This  is  a  consequence  of  using  the  log-normal  distribution 
to  predict  the  number  of  cycles  to  failure  for  a  given  set  of  test  con¬ 
ditions.  Figures  11-16  illustrate  the  relation  between  the  individual 
test  results  and  the  linear  least  squares  regression  line  for  the  log¬ 
normal  distribution.  The  cumulative  log-normal  distribution  is  linear 
when  plotted  on  normal  probability  vs.  logarithmic  scales.  The  log¬ 
normal  distribution  adequately  describes  the  data  for  fatigue  lives  shorter 
than  10^  cycles  (the  strain-controlled  and  high  load  tests)  .  For  fatigue 

C 

lives  longer  than  10  cycles,  the  low  load  fatigue  tests  fit  the  log-normal 
distribution  less  perfectly;  the  data  appear  to  be  truncated  at  the  left, 
which  is  shown  by  the  horizontal  slope  for  the  first  few  data  points. 

This  type  of  behavior  is  expected  when  a  guaranteed  minimum  life  exists, 
i.e.,  a  fatigue  limit  is  being  approached.  A  three  parameter  Weibull 
distribution  is  used  to  describe  this  type  of  situation.  However,  with 
at  most  ten  data  points  available,  there  is  an  insufficient  amount  of  data 
to  confidently  specify  the  three  parameters  of  the  Weibull  distribution. 

Figures  11-16  are  replotted  in  Figs.  17-19  to  illustrate  the  effect 
of  product  form  and  orientation.  The  fatigue  lives  for  the  extrusion 
specimens  consistently  show  a  larger  dispersion  (smaller  slope)  than  the 
forging  specimens.  While  the  extrusions  have  a  higher  strength  than 
the  forgings,  this  advantage  is  partially  offset  by  increased  scatter  in 
the  fatigue  data.  Thus,  a  guaranteed  minimum  fatigue  life  for  these 
two  product  forms  may  be  identical,  but  for  different  reasons. 

The  preliminary  strain  control  results  in  Fig.  10  suggest  that 

the  higher  strength  extrusion  has  an  advantage  only  for  fatigue  lives 
u 

greater  than  10  cycles.  The  data  for  the  load  controlled  tests  in 
Figs.  18  and  19  show  this  is  generally  the  case.  Interestingly,  for 
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fatigue  lives  near  10  cycles  shown  in  Fig.  17,  the  forging  specimens 

have  over  a  20  percent  longer  fatigue  life  than  extrusion  specimens. 

There  is  a  modest  effect  of  product  form,  but  this  effect  is  a  function 

of  the  fatigue  life.  This  same  kind  of  behavior  is  noted  with  the  effect 

4 

of  orientation.  For  fatigue  lives  greater  than  10  cycles  (see  Figs.  18 
and  19),  the  L  orientation  is  stronger  than  the  L-T  orientation.  For 
fatigue  lives  near  10  cycles,  the  opposite  is  true  (see  Fig.  17).  These 
observations  on  the  effect  of  product  form  and  orientation,  however, 
must  be  tempered  with  the  realization  that  as  trends  are  tested  with  a 
non-parametric  procedure  called  the  Kruskal-Wallis  Test,  differences  are 
detected  if  a  large  a  (ten  percent)  is  used  as  a  criterion. 

As  discussed  in  Section  4.1,  a  record  of  the  specimen  locations 
within  the  two  product  forms  is  made  to  test  whether  this  parameter  has 
any  systematic  effect  on  the  measured  fatigue  lives.  Table  9  gives  the 
mean,  standard  deviation,  and  the  number  of  observations  comparing  the 
effect  of  the  edge  and  the  middle  locations  on  the  fatigue  life  for  the 
three  different  tests.  In  light  of  the  large  values  of  the  standard  devia¬ 
tions,  no  trends  are  identified.  A  similar  situation  occurs  when  the  ef¬ 
fect  of  the  surface  and  the  center  locations  (defined  in  Fig.  2)  of  the 
forging  are  tested.  These  results  are  consistent  with  the  observations 
of  Walker^  ^  who  noted  a  variation  in  metallurgical  structure  exists  as  a 
consequence  of  non-uniform  metal  flow.  This  creates  subtle  differences 
in  the  tensile  properties  within  P/M  extrusions,  but  this  variation  is  in¬ 
significant  when  comparisons  are  made  between  P/M  and  1/M  products. 

In  order  to  place  the  present  program  results  into  perspective, 

the  load  control  data  for  the  CT91  extrusions  given  in  Figs.  13  and  14 

are  shown  on  a  conventional  S-N  plot.  Fig.  20.  The  scatter  bands  for 

P/M  CT91  and  I/M  7050  extrusions  from  previous  work  are  drawn  in  for 

comparison.  Clearly,  the  data  at  60  ksi  are  taken  near  the  knee  of  the 

CT91  S-N  curve.  Below  this  point  the  scatter  in  fatigue  life  increases 

dramatically.  A  comparison  of  the  scatter  bands  for  the  P/M  CT91  ex- 

( 211 

trusions  suggests  that  the  earlier  work  drew  a  narrower  scatter  band 
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than  is  given  by  the  present  work.  The  average  fatigue  life  for  the 

earlier  work  is  smaller  than  is  predicted  by  the  current  results.  Since 

the  scatter  bands  for  the  CT91  and  7050  extrusions  from  previous  work 

are  not  based  on  any  statistical  analysis,  but  drawing  boundaries 

around  data  for  tests  run  at  many  different  toads,  it  is  unreasonable 

to  say  the  scatter  for  the  P/M  CT91  is  twice  that  observed  for  I/M 

products.  The  fact  that  the  scatter  band  defined  for  the  I/M  7050*  20^ 
f  21) 

and  the  P/M  CT91  is  comparable  may  suggest  that  they  may  repre¬ 
sent  ±3/4  standard  deviations  or  over  50  percent  of  the  observed  data. 

7.2  Fractography 

7.2.1  Optical  Fractography 

All  the  fatigue  samples  fractured  during  the  detailed  smooth  fa¬ 
tigue  test  program  (Table  2)  are  examined  at  low  magnifications  using  a 
binocular  microscope.  Characterizing  the  general  morphology  of  the 
failure  provides  complementary  information  to  the  statistical  analysis 
to  aid  the  identification  of  abnormal  failures  (i.e.,  either  short  or  long 
fatigue  lives).  Tables  10-12  give  the  results  of  the  optical  fractography, 
identify  which  samples  are  calculated  to  be  statistical  outliers  (greater 
than  ±1.5  standard  deviation  from  the  mean),  and  indicate  which  samples 
are  further  characterized  by  SEM-EDX.  Samples  which  are  not  statisti¬ 
cal  outliers,  but  show  an  unusual  failure  morphology  are  frequently 
chosen  for  analysis  in  addition  to  samples  which  show  abnormal  statisti¬ 
cal  behavior.  It  should  be  noted  that  1 5  of  the  113  specimens  tested, 
or  11.5  percent,  are  identified  as  statistical  outliers.  This  percentage 
is  slightly  less  than  the  number  of  anticipated  outliers  in  designing  the 
test  program  when  a  standard  deviation  of  1.5  is  used.  Of  the  15  statis¬ 
tical  outliers,  only  20  percent  have  abnormally  short  lives.  The  over¬ 
whelming  majority  of  the  statistical  outliers  have  fatigue  lives  longer  than 
the  average  behavior.  This  observation  is  even  more  significant  when 
it  is  recalled  that  the  log-normal  distribution,  which  is  skewed  to  the 
right  on  a  linear  scale,  is  used  to  identify  outliers.  This  analysis 
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provides  additional  supporting  evidence  to  argue  that  foreign  con¬ 
taminants  and/or  processing  anomalies  are  not  limiting  the  P/M  aluminum 
fatigue  properties  tested  in  this  program. 

One  interesting  trend  revealed  by  the  optical  fractography  is 
the  change  in  the  failure  morphology  as  the  fatigue  lives  increase  from 
approximately  103  cycles  (the  strain  control  tests)  to  near  105  cycles 
(the  load  control  tests).  Table  13  summarizes  the  results  from  Tables 
10-12  for  the  three  types  of  tests.  The  load  control  tests  typically 
have  a  single  initiation  site  with  the  loading  axis  perpendicular  to  the 
macroscopic  fracture  plane.  The  strain  control  tests  are  more  likely 
to  produce  multiple  initiation  sites  with  the  macroscopic  fracture  plane 
at  an  oblique  angle  to  the  loading  axis.  No  correlation  was  observed 
between  the  appearance  of  multiple  initiation  or  slant  fracture  and  ab¬ 
normal  fatigue  lives. 

7.2.2  Detailed  SEM-EDX  Fractography 

Tables  14-16  summarize  the  characteristics  of  the  initiation  sites 
observed  for  specimens  with  either  short  or  long  fatigue  lives.  Statis¬ 
tical  outliers  and  samples  with  unusual  fracture  morphologies  are  in¬ 
cluded  in  these  tables.  Without  including  the  latter  samples,  there 
would  be  no  examples  of  short-lived  specimens  for  the  strain-controlled 
tests  (Table  14)  or  the  lower  load  control  tests  (Table  16). 

The  shortest  lived  specimens  have  the  largest  inclusions.  For 
example,  a  300  pm  diameter  zinc  rich  area  is  identified  as  the  initiation 
site  for  the  strain -con  trolled  tests  (specimen  number  FLC  39).  For 
the  short-lived  load  controlled  tests,  initiation  sites  are  typically  70  pm 
in  size.  In  one  case  a  300  pm  diameter  defect  is  observed  (Table  16). 
The  long-lived  load  control  specimens  typically  have  defects  between  10 
and  30  pm  in  size.  There  is  an  apparent  exception  to  this  behavior 
in  sample  FTC  19,  which  is  classified  as  a  long-lived  specimen  (see 
Table  12-d).  Its  fatigue  life  is  approximately  one  tenth  of  the  average 
within  its  group  (Table  16)  .  Thus,  the  presence  of  a  50  pm  diameter 
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internal  defect,  which  is  nearly  twice  the  size  typically  found  for 
long-lived  load  control  specimens  can  be  explained  as  a  misclassifica- 
tion.  Utilization  of  all  the  test  data  to  identify  statistical  outliers 
has  avoided  misclassifying  test  results.  A  similar  situation  of  mis- 
classifying  long-lived  specimens  appears  in  Table  14  with  specimen 
EL  110,  which  has  a  100  pm  iron  rich  ribbon  identified  as  the  initia¬ 
tion  site.  This  defect  size  is  greater  than  the  typical  values  of 
10-30  ym  defects  reported  for  the  strain -con  trolled  tests. 

Figure  21  is  an  overview  of  a  strain  controlled  specimen  which 
is  a  statistical  outlier.  The  multiple  initiation  sites  of  this  sample 
provide  a  survey  of  the  various  types  of  defects  observed,  in  addition 
to  an  example  of  secondary  cracking  noted  in  Tables  10-12.  Figure 
lla-e  illustrates  the  types  of  defects  located  at  the  five  initiation  sites. 
An  irregularly  shaped  inclusion  is  found  at  initiation  site  A,  Fig.  22a. 

Its  spectrum  is  composed  primarily  of  aluminum  with  trace  amounts  of 
silicon,  sulfur,  chlorine,  potassium,  calcium,  and  iron.  It  appears  to 
be  charging  in  the  beam,  suggesting  it  is  non-conductive.  Initiation 
site  B  has  two  particles  seen  at  200X  in  Fig.  22-b.  One  is  shown  in 
the  boxed  area  at  a  higher  magnification,  while  the  other  is  within  the 
shadow  of  the  peak  near  the  top  of  the  photograph.  The  second  is 
visible,  because  it  is  charging  in  the  beam.  Both  show  spectrums  com¬ 
posed  almost  entirely  of  aluminum  similar  to  that  found  at  initiation  site 
A.  One  of  the  largest  initiation  sites  is  located  at  C,  which  has  a  num¬ 
ber  of  10  ym  diameter  inclusions  present  at  the  initiation  site.  Fig.  22-c. 
These  particles  are  dispersed  over  a  50  ym  square  area  and  appear  to 
be  charging  in  the  beam.  Their  composition  is  similar  to  the  previous 
two  initiation  sites.  The  line  scan  shows  that  these  particles  contain 
a  measurable  amount  of  silicon.  Figure  22-d  shows  that  the  second 
large  initiation  site,  D,  has  three  0.5  ym  diameter  particles  spaced 
equidistant  along  a  50  ym  line  defined  by  the  intersection  between  the 
fracture  plane  and  the  polished  surface.  The  spectrum  of  the  particles 
shows  the  presence  of  aluminum,  with  trace  amounts  of  magnesium. 
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silicon  and  phosphorus.  The  last  initiation  site  contains  a  massive 
inclusion  approximately  150  ym  in  diameter,  Fig.  22-e,  and  the  spec¬ 
trum  shows  only  the  presence  of  aluminum.  The  500X  image  shows 
three  small  fingers  extending  out  from  the  inclusion  in  the  lower  right 
hand  portion  of  the  photograph.  This  suggests  the  inclusion  may  have 
been  connected  to  something  larger. 

Figure  21  illustrates  the  types  of  defects  most  frequently  found 
at  the  fatigue  initiation  sites:  aluminum  rich  inclusions  with  trace 
amounts  of  silicon,  sulfur  and  calcium.  These  inclusions  are  believed 
to  be  oxides,  as  they  appear  to  be  charging  when  they  are  imaged  with 
secondary  electrons  (SE).  To  further  support  this  contention,  these 
defects  are  observed  with  the  image  formed  by  the  back-scattered 
electrons  (BSE).  Figure  23  shows  an  example  from  an  extrusion  and 
a  forging  specimen  which  compares  the  two  different  types  of  images. 

The  BSE  images  of  the  defects  are  a  darker  grey  than  the  base  metal, 
the  opposite  contrast  of  the  SE  image.  Since  the  BSE  signal  increases 
with  average  specimen  atomic  number1  ,  it  is  concluded  that  the  defects 
have  a  smaller  effective  atomic  number  than  the  surrounding  base  metal* 
The  defects  contain  elements  lighter  than  those  which  can  be  detected 
by  the  energy  dispersive  X-ray  spectrometer  (EDX),  namely,  sodium* 
Within  this  group  of  elements,  oxygen  is  the  logical  candidate,  suggest¬ 
ing  the  inclusions  are  alumina  with  trace  amounts  of  silicon,  sulfur  and 
calcium  * 

In  addition  to  the  aluminum  rich  oxide  inclusions,  two  other  types 
of  defects  are  identified  at  the  fatigue  crack  initiation  sites*  They  are 
transition  metal  inclusions  (e*g.,  Fe,  Zn)  and  enriched  areas  of  either 
silicon  or  grain  boundary  alumina  which  form  microstructural  boundaries. 
These  other  types  of  initiation  sites  are  typically  found  in  approximately 
one-third  of  the  initiation  sites,  as  can  be  seen  by  inspection  of  Tables 
14-16  (nine  out  of  28  initiation  sites). 
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Figures  24  and  25  give  examples  of  transition  metal  inclusions 
found  at  the  initiation  sites.  Figure  24  shows  a  line  profile  of  the 
zinc  X-ray  signal  as  the  electron  beam  is  traced  across  the  initiation 
site  of  a  forging  tested  at  a  maximum  stress  of  66  ksi  (455  MPa). 

Figure  25  is  an  example  of  a  ferrous  rich  inclusion  found  at  the  initia¬ 
tion  site  of  an  extrusion  tested  at  a  maximum  stress  of  60  ksi  (415  MPa). 

The  zinc  rich  inclusion  is  approximately  70  pm  in  diameter  and  is  asso¬ 
ciated  with  a  specimen  with  an  abnormally  short  fatigue  life.  The  fer¬ 
rous  rich  inclusion  is  approximately  15  ym  in  diameter.  This  size  is 
typically  found  in  other  examples  of  transition  metal  inclusions.  Since 
premature  failures  are  associated  with  five  to  ten  times  larger  defects, 
this  class  of  inclusion  does  not  adversely  affect  the  fatigue  life. 

Two  examples  of  areas  which  form  microstructural  boundaries 
are  given  in  Figs.  26  and  27.  Figure  26-a  gives  an  overview  of  a  forg¬ 
ing  which  had  an  internal  defect  initiate  the  fatigue  crack.  Figures  26-b 
and  26-c  show  the  initiation  area  when  the  sample  is  rotated  180°  from 
the  position  shown  in  Fig.  26-a.  Secondary  cracking  parallel  to  the 
tensile  axis  is  visible  in  all  three  views.  In  fact,  the  upper  and  lower 
plateaus  seen  in  Fig.  26-a  are  connected  by  a  vertical  cliff.  At  the 
base  of  the  cliff  is  a  50  ym  square  area  with  the  internal  defect.  While 
there  are  rub  marks  visible  at  the  top  of  the  2000X  image,  the  lower  half 
clearly  shows  a  structure  which  can  be  described  as  dendritic  in  appear¬ 
ance.  Figure  27  shows  an  example  of  Si  segregation  found  at  the  fatigue 
initiation  site.  The  100X  image  at  the  center  gives  an  overview  of  the 
initiation  site,  while  the  higher  magnification  views  in  the  boxed  areas 
show  a  distinct  change  in  topography  between  the  surface  and  the  interior 
area  of  the  initiation  site.  The  EDX  spectrum  shows  the  exclusive  presence 
of  silicon  at  the  initiation  site. 

The  nature  of  the  fatigue  crack  initiation  sites  was  further  char¬ 
acterized  by  a  precision  section  technique  originally  developed  on 
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titanium  alloys  .  One  particularly  large  defect  at  the  Initiation 
site  of  a  short  lived  extrusion  specimen  is  illustrated  in  Fig,  28-a. 

The  EDX  spectrum  of  the  defect  area  (Fig.  28— b )  compared  to  the 
surrounding  material  shows  the  presence  of  aluminum  and  the  absence 
of  zinc,  copper  and  magnesium,  which  are  the  primary  alloying  ele¬ 
ments  of  CT91.  Once  the  defect  area  is  sectioned,  Fig.  28-c,  it  be¬ 
comes  clear  that  the  defect  is  not  an  alumina  rich  grain  boundary 
area,  but  3  pm  thick  splinter. 

A  particularly  unusual  fatigue  failure  in  a  short  lived  forging 
specimen  is  shown  in  Fig.  29.  The  fracture  has  an  internal  initiation 
site  with  a  large  F  shaped  area  darker  in  appearance  than  the  surround¬ 
ing  area.  Fig.  29-a.  The  sample  is  sectioned  as  illustrated  in  Fig. 

29-b,  A  higher  magnification  view  in  Fig.  29-c  shows  no  evidence  of 
rub  marks  in  the  dark  areas.  However,  there  is  evidence  of  porosity 
in  the  metal lurgically  polished  section  below  the  dark  area.  Figure 
29-d  shows  another  example  of  the  porosity  found  in  the  polished  sec¬ 
tion.  The  porosity  is  aligned  with  the  elongated  grain  structure  and 
coincident  with  the  grain  boundaries.  This  is  the  only  occurrence  of 
porosity  documented  in  a  mechanically  worked  product  form.  Another 
example  of  porosity  is  found  in  a  low  cycle  fatigue  specimen  of  the  as- 
compacted  billet.  Fig.  30.  The  EDX  spectrum  in  Fig.  30-c  shows  no 
measurable  difference  in  the  composition  between  the  internal  defect 
and  the  adjacent  background  area.  It  should  be  noted  that  the  fatigue 
crack  did  not  initiate  at  the  pore  of  this  specimen  or  any  specimen  which 
was  given  a  detailed  fractographic  examination.  However,  secondary 
cracking  parallel  to  the  stress  axis  is  frequently  noted  (Tables  9-12). 

The  presence  of  porosity  in  the  alumina  rich  grain  boundaries  would  as¬ 
sist  this  mode  of  fracture.  Moreover,  this  mode  of  cracking  is  not  lim¬ 
ited  to  powder  products.  Secondary  cracking  parallel  to  the  stress 

axis  of  fatigue  specimens  has  previously  been  reported  for  a  high  strength 

( 23) 

conventional  ingot  alloy 
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In  summary,  there  are  three  types  of  defects  observed  at  the 
fatigue  crack  initiation  sites  found  in  fatigue  samples  of  CT  91  forg¬ 
ings  and  extrusions: 

1.  Alumina  inclusions  (^60  percent  occurrence). 

2.  Transition  metal  inclusions  (^30  percent  occurrence). 

3.  Microstructural  boundaries  («>10  percent  occurrence). 

7.3  Verification  Testing 

The  results  from  Section  7.2  suggest  that  the  short  lived  spe¬ 
cimens  are  associated  with  abnormally  large  defects  present  at  the  initia¬ 
tion  site.  Tables  14-16  show  some  exceptions  to  this  behavior  for  both 
long-lived  and  short-lived  test  specimens.  In  addition,  the  short-lived 
specimens  fatigued  at  the  lowest  load,  60  ksi  (425  MPa),  appear  to  have 
a  horizontal  slope  when  plotted  on  normal  probability  paper.  Figs.  13-16. 
This  could  mean  that  the  distribution  is  more  asymmetric  than  the  log¬ 
normal  distribution.  However,  the  volume  of  data  is  insufficient  to 
•  f  24) 

judge  whether  this  is  the  case  ,  Section  7.1.  Based  on  the  effect 
of  defects  in  P/M  titanium  alloys,  as  illustrated  in  Fig.  31^  25^,  this 
question  has  important  implications.  If  one  is  testing  material  with  de¬ 
fects  near  the  fatigue  limit,  then  a  highly  skewed  distribution  is  antici¬ 
pated  judging  by  a  horizontal  line  at  the  fatigue  limit.  On  the  other 
hand,  the  distribution  will  be  less  skewed  in  sound  material  where  the 
S/N  curve  never  becomes  horizontal.  The  verification  test  program  is 
designed  to  answer  these  questions  by  increasing  the  test  population  at 
60  ksi  (415  MPa)  . 

Only  the  extrusion  is  used  in  this  portion  of  the  program.  Al¬ 
though  the  forging  is  stress  relieved  by  compressive  deformation,  through- 
the-thickness  slices  produce  an  0.13  inch  (3.4  mm)  deflection  in  the  0.5 
inch  (12.7  mm)  high  beam.  Fig.  32,  A  simple  strength  of  materials  calcu¬ 
lation  of  the  residual  stresses  estimate  them  to  be  approximately  half  of 
the  tensile  yield  strength,  38  ksi  (260  MPa).  Stress  relieving  extrusions 
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by  uniformly  stretching  them  into  the  plastic  region  is  more  effective 
than  compressing  a  forging  where  the  deformation  may  be  non-uniform 
in  an  open  die. 

Twenty  additional  tests  at  60  ksi  (415  MPa)  maximum  cyclic 
stress  increase  the  test  population  from  ten  to  thirty.  This  number 
of  specimens  defines  four  outliers  by  the  ±1.5  standard  deviation 
criteria.  There  should  be  two  short-lived  and  two  long-lived  outliers 
with  this  strategy,  if  the  correct  distribution  is  identified. 

Tables  27  and  28  give  the  number  of  cycles-to-failure,  the 

specimen  number.  This  data  is  fitted  to  the  Weibull  cumulative  proba- 

f  26 ) 

bility  function,  as  it  is  more  general  than  the  log-normal  distribution1 
The  Weibull  expression  is  linearized  so  that  an  iterative  linear  least 
squares  technique  would  vary  the  location  parameter,  y,  and  minimize 
the  standard  deviation.  The  slope  and  the  intercept  of  the  linearized 
expression  gives  the  shape  parameter  and  scale  parameter,  respectively. 
The  threshold  parameter  is  varied  from  zero,  the  smallest  number  of 
cycles  to  failure.  The  minimum  standard  deviation  is  found  to  be  at 
37  and  28  kilocycles  for  the  longitudinal  and  long-transverse  specimen, 
respectively.  Figures  33  and  34  are  plots  of  the  data  and  the  best  fit 
line  for  both  cases.  The  Weibull  fit  to  the  longitudinal  data  (standard 
deviation  -  0,336)  is  not  as  good  as  that  for  the  long -transverse  data 
(standard  deviation  =  0,207),  However,  the  shape  parameter  is  less 
than  one  for  both  cases.  This  means  that  the  failure  rate  is  continuously 
decreasing,  as  shown  in  Fig,  35,  While  P/M  aluminum  alloy  CT91  has  a 
higher  fatigue  strength  than  conventional  I/M  alloys,  the  potential  for 
further  improving  the  fatigue  crack  initiation  behavior  is  suggested  by 
the  asymmetric  shape  of  the  distribution  function.  It  is  argued  that 
ideally  homogeneous  material  will  have  a  threshold  value  of  guaranteed 
fatigue  life.  Beyond  the  threshold  life  there  would  be  a  small  chance 
for  failure,  which  would  peak  to  a  maximum  at  the  mean  life.  Figure 
35  shows  that  the  probability  density  function  is  peaked  at  or  near  the 
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the  threshold  value.  If  a  specimen  does  not  fail  shortly  after  the 
threshold  value  is  reached,  then  the  odds  are  in  favor  of  it  surviving 
a  large  number  of  cycles  to  failure. 

Investigating  the  short  lived  specimens  suggests  while  a  large 

(rv  50-100  pm  diameter)  inclusion  can  cause  premature  fatigue  crack 

initiation,  the  presence  of  several  smaller  inclusions  can  act  in  tandem 

f  27) 

and  behave  as  a  single  large  inclusion  .  One  example  is  given  in 
Fig.  22-d.  Another  example  of  this  phenomenon  is  shown  in  Fig.  36 
of  a  short-lived  L-T  extrusion  specimen.  Thus,  the  clustering  of 
small  inclusions  explains  the  early  fatigue  crack  initiation  in  several 
cases. 

8.0  CONCLUSIONS 

Based  on  the  results  of  the  notched  fatigue  tests,  it  is  concluded 
that  neither  product  form  nor  orientation  significantly  changes  the  fa¬ 
tigue  strength  at  107  cycles.  For  severe  notches  there  is  no  advantage 
to  using  P/M  alloy  CT91  over  conventional  high  strength  I/M  alloys. 

For  notches  which  simulate  fastener  holes,  the  P/M  alloy  CT91  has  a  70 

7 

percent  higher  fatigue  strength  at  10  cycles  than  conventional  aerospace 
aluminum . 

Smooth  fatigue  tests  of  P/M  alloy  CT91  show  it  to  be  superior 
to  I/M  alloy  7050  (Fig.  20).  Fractographic  analysis  shows  the  short¬ 
lived  specimens  to  have  either  larger  inclusions  at  the  crack  initiation 
site  or  several  smaller  sized  inclusions  acting  in  tandem.  The  short¬ 
lived  specimens  typically  have  defects  on  the  order  of  100  pm  in  size; 
the  long-lived  specimens  typically  have  inclusions  on  the  order  of  10-20 
pm.  Three  types  of  defects  are  noted.  Approximately  60  percent  of 
the  time  they  are  aluminum  rich  oxides  as  verified  by  EDX  and  back- 
scattered  SEM  images.  Transition  metal  inclusions  of  Ti,  Fe,  and  Zn 
are  observed  roughly  30  percent  of  the  time.  The  third,  and  least 
frequently  observed  (10  percent)  defect  is  a  microstructural  boundary. 
The  ancillary  testing  of  the  extrusion  product  form  shows  the  distribution 
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of  the  failures  to  be  highly  skewed  with  a  large  probability  of  failure 
to  occur  immediately  after  the  threshold  life  is  reached.  This  is  in¬ 
terpreted  to  mean  a  potential  exists  to  further  improve  the  smooth 
fatigue  behavior  of  P/M  alloy  CT91. 
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Table  t 


NOTCHED  AXIAL  FATIGUE  TESTING  PROGRAM 


Kt 

Kt 

=  3 

Kt 

=  10 

Product 

P/M 

P/M 

P/M 

P/M 

Form 

Forging 

Extrusion 

Forging 

Extrusion 

Total 

Orientation 

L  LT 

L  LT 

L  LT 

L  LT 

Preliminary 

Testing 

2  2 

2  2 

2  2 

2  2 

16 

Detailed 

T  esting 

10  10 

10  10 

10  10 

10  10 

80 

T  otal 

12  12 

12  12 

12  12 

12  12 

96 
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Table  2 


DETAILED  AXIAL  SMOOTH  FATIGUE  TESTING  PROGRAM 


Product  Form 

Forging 

Extrusion 

Billet 

L 

L-T 

L 

L-T 

L* 

T  otal 

S,  (Nf  =2  x  105) 

10 

10 

10 

10 

2 

42 

S2  <Np  5  x  104) 

10 

10 

10 

10 

2 

42 

e  (Nf  = 103) 

7 

7 

7 

7 

1 

29 

27 

27 

27 

27 

5 

113 

*  This  orientation  is  only  applicable  if  the  billet 
is  subsequently  formed  into  a  single  upset 
plus  draw  forging. 
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Tensile  Properties  of  P/M  CT91  Alloy  Forging,  Extrusion,  and  Billet 

(SI  Units) 
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Tensile  Properties  of  P/M  CT91  Alloy  Forging,  Extrusion,  and  Billet 
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Table  7 


Notched  Fatigue  Strength  at  107  Cycles 
(Average  of  ten  tests  for  each  conditions) 


Product 

Form 


Extrusion 


Forging 


Average 


Orientation 

L 

L-T 

L 

L-T 


17.1  ±  0.5 
17.1  ±  0.5 

17.1  ±  0.5 

17.2  ±  0.7 

17.1 


Kt  =  10 

11.6  +  0.4 
10.1  ±  0.5 

11.4  +  1.7 
9.8  +  0.6 

10.7 
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Summary  of  Detailed  Test  Results  Using  Log-Normal  Distribution 
to  Estimate  Mean  and  Standard  Deviation 
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EFFECT  OF  LOCATION  WITHIN  PRODUCT  FORM  ON  FATIGUE  LIFE 
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One  run-out  at  5  million  cycles. 


EXTRUSION  (L)  STRAIN  CONTROLLED  FATIGUE 
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EXTRUSION  (L-TJ  STRAIN  CONTROLLED  FATIGUE 
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imen  nearest  statistical  mean  is  underlined. 


FORCINC  (L)  STRAIN  CONTROLLED  FATIGUE 
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Specimen  nearest  statistical  mean  is  underlined. 


FORGING  (L-T)  STRAIN  CONTROLLED  FATIGUE 


* 

■ 

* 

< 

< 

< 

L 

i- 

4 

H 

H 

TO 

"0 

>* 

n 

to 

Tu 

i 

-D 

TO 

hM 

£ 

C 

c 

15 

L. 

TO 

a 

2 

TO 

a 

surf. 

"to 

L 

TO 

a 

u- 

i_ 

3 

i/i 

_c 

w) 

c 

L. 

l 

+- 

u 

-M 

U 

to 

o 

U 

v. 

to 

E 

u 

£r 

o 

> 

L 

u 

TO 

L_ 

u 

2r 

TO 

L 

n- 

u 

>■ 

L 

trt  ^ 
TO 

c  w 

to 

3 

C 

TO 

T3 

C 

PD 

TO 

L 

TO 

"0 

c 

■D 

TO 

fl 

c 

TO  _ 

75  to 
“■  u 

o 

u 

o 

u 

s 

0 

u 

3 

o 

o 

O  L 

9 

TO 

e 

TO 

E 

TO 

TO 

tO 

CO 

to 

CO 

t/l 

to 

Csl  > 

^  o  o  O 
U  ~  C  ^  ^ 

J  5.2  n  H  ii 
S  ^  =  *  * 


£  a>  ^  « 

.2  u  a  .2 
^  #J  3  L 

2  .t;  t;  « 

f  S?i 


^  rn 


*—  *—  o  »— 


o  P 


-  to 


TO 

a 


(U  ra  CD 
£•■«£  c  ^ 

C  “  E 

t —  .r:  i  i  i 
r-  <n  ro 


£§ 

5  =  ^3 


m  y  c  £  to 
U.  Q  m  U) 


(  i 
fN  rri 


c 

TO 


a- 

10 


* 

i 

4e 

ID 

O 

*- 

zf 

ID 

-K 

<n 

TO 

IN 

z* 

(N 

*“ 

m 

m 

-0 

E 

U 

to 

to 

u 

to 

U 

to 

H 

H 

H 

H 

H 

H 

H 

7 

LL 

LL 

LL 

LL 

LL 

LL 

LL 

^  E 
C  D  c 

SI  2 

Is  x  *- 

£|« 


in 

id 


LO 

ID 


in 

UP 


in 

id 


m 

id 


in 

ID 


in 

UP 


^  to 
w  ^ 

TO  _3 
u 

>*uu 

U 


m  o  i— 
o  o  cn 

O 


CO 

IN 


O 

UP 

in 


£ 

<N 

CTi 


K 

CO 

A 


C 

O 

or 

4*^ 

IN 

TO 

CM 

M 

<T* 

L 

V 

TO 

U 

TO 

L. 

TO 

L 

X 

TO 

4“» 

X 

U 

o 

X 

TO 

D 

.y 

LU 

vi 

1 

LU 

4J 

3 

to 

to 

* 

-tL 

-38 


Specimen  nearest  statistical  mean  is  underlined. 


BILLET  STRAIN  CONTROLLED  FATIGUE 
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Smooth  Axial  Fatigue,  R  =  0*1,  Extrusion  Specimens  (L) 
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Specimen  nearest  statistical  mean  is  underlined* 


Smooth  Axial  Fatigue,  R  =  0.1,  Extrusion  Specimens  (T-L) 
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Smooth  Axial  Fatigue,  R  =  0.1,  Forging  Specimens  (L) 


< 

< 

< 

< 

< 

< 

< 

< 

* 

* 

• 

* 

* 

* 

*> 

H 

H 

H 

H 

H 

H 

H 

»- 

_ 

_ 

_ 

cn 

_ 

— 

— 

"■ 

"" 

— 

— 

— 

%m 

u 

u 

L. 

c 

o 

l. 

l 

L. 

u 

U 

U 

u 

fll 

U 

U 

u 

>■ 

l 

>- 

i- 

>■ 

>* 

u 

X 

dj 

t 

X 

L 

> 

u 

fl 

ra 

XI 

R3 

X 

ra 

X 

u 

3 

X 

-§ 

X 

c 

c 

c 

c 

C 

c 

C 

0 

8 

o 

>S 

o 

8  , 

0 

1  u 

u 

m 

C 

o 

8 

0 

a! 

0 

8 

in 

t/i 

iA  \ 

1  t/1 

u. 

cn 

cn 

\A 

■S  «  &  &  h 

m  C nr*  =t  dh 

.S  £  +1  +1  +1 

+;  5  !i  n  u 

^  <  rsl  3-  <Xi 


<n  o*i  o  o">  oi  oi  ci  ci  o*> 


OJ 

u 

ro 

o  u  □  .2 

’■m  <u  J2  w  jj* 

.a t  d  s 
s  i/i  3  3  c 

£  ii  i:  ii 

*-  (N  m 


a; 

r  a 

V_  U  Ql  - 

o  o  —  +■' 

Z  cn  5 
g.-2-S  5 
5;*;w  ii 

H  ^  t!i  rs 


E  .5 


c  2 


□  a> 


3  w  O  CT 

—  ru  .c  ra 

£  S  <J  If  V 

^  _l  *-  CM  ro 


mp^Mrsirnr^fnpomro 


<V 

E 

i 

a- 

01 


* 

* 

-K 

to 

CM 

* 

to 

o 

Oi 

■K 

(D 

m 

(VI 

in 

■3- 

to 

cm 

t— ► 

CM 

J3* 

X 

U 

u 

iA 

u 

U 

o 

u 

U 

a 

u 

E 

_l 

-1 

-1 

_J 

-1 

.j 

-J 

-j 

u 

* 

a 

Z 

LL 

LL 

LL 

LL 

U- 

U- 

LL 

U- 

LL 

>1 26) 

3  W 

c  w - 
£=  (u  v» 

xi^ 

J5  (/)  “ 


O 

CM 

to 

CM 

cn 

IM 

=t 

cn 

SO 

to 

to 

IM 

to 

C" 

to 

C". 

to 

to 

to 

to 

to 

to 

to 

to 

to 

to 

to 

.1  * 

+j 

ro  co 

m  *— 

Z  v 

OJ 

u  *- 

E  5 

5  | 

U  O 


o  ^ 
£  cu  _q; 

«  b  y 

<u  _3  H 

u  5  8 

>*ll  — 

u  _* 


*H- 

O 

^  CM  m 


fM 


<=r 

Lft 


O 

tO 


to 


=t 

<n 


X  ro 

Q  u 

LLt  -M 

l  « 


LU 

iA 


2 

m 


42 


Specimen  nearest  statistical  mean  is  underlined. 


Smooth  Axial  Fatigue,  R  =  0.1,  Forging  Specimens  (T-L) 
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Specimen  nearest  statistical  mean  is  underlined. 


Smooth  Axial  Fatigue,  R  =  0.1,  Extrusion  Specimens  (L) 
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=#  Run  out  not  included  in  averaging. 


Smooth  Axial  Fatigue,  R  =  0.1,  Extrusion  Specimens  (T-L) 
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Specimen  nearest  statistical  mean  is  underlined. 


Smooth  Axial  Fatigue,  R  =  0.1,  Forging  Specimens  [L) 
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^  Run  out  not  included  in  averaging* 


Smooth  Axial  Fatigue,  R  =  0.1,  Forging  Specimens  (T-L) 
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OPTICAL  FRACTOCRAPHY  SUMMARY 
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Characteristics  of  Short  and  Long  Lived  Strain  Controlled  Test  Specimens 
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Statistical  outlier* 


Characteristics  of  Short  and  Long  Lived  Load  Controlled  Test  Specimens 

(S  =  67  ksi) 
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tatisticaJ  outlier 


Characteristics  of  Short  and  Long  Lived  Load  Controlled  Test  Specimens 
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Statistical  Outlier. 

Surface  rather  than  internal  initiation  is  the  norm  (see  Tables  10-12). 


Table  17 


Verification  Test  Results  for  Extrusions  in  L  Orientation 


Spec, 

Nf 

Nf  -  37 

No. 

( K  ilocycles) 

( K  ilocycles) 

EL 

3E  5 

38 

1 

14 

54 

17 

315 

59 

22 

EL 

311 

65 

28 

1E2 

65 

28 

33 

68 

31 

EL 

2E3 

68 

31 

2E4 

72 

35 

2E2 

91 

54 

EL 

319 

101 

64 

210 

103 

66 

21 

no 

73 

EL 

1E6 

145 

108 

213 

148 

111 

3E4 

171 

134 

EL 

1E1 

180 

143 

11 

182 

145 

25 

207 

170 

EL 

22 

223 

186 

32 

242 

205 

3E3 

267 

230 

EL 

34 

346 

309 

112 

425 

388 

116 

426 

389 

EL 

35 

520 

483 

2E  1 

1,044 

1,007 

310 

3,  067 

3,  050 

EL 

13 

4,859 

4,822 

318 

5,  135 

5,098 

212 

5,  981 

5,944 
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Table  18 


Verification  Test  Results  for  Extrusions  in  L-T  Orientation 


Spec . 

Nf 

Nf  -28 

No. 

(Kilocycles) 

(K  ilocycles) 

ET  3E6 

30 

2 

211 

30 

2 

24 

31 

3 

ET  316 

33 

5 

3E4 

46 

18 

IE  5 

47 

19 

ET  32 

55 

27 

318 

59 

31 

34 

66 

38 

ET  213 

74 

46 

3E5 

90 

62 

3E2 

95 

67 

ET  1E3 

106 

78 

25 

124 

96 

12 

134 

106 

ET  IE  1 

138 

110 

13 

145 

117 

2E  2 

153 

125 

ET  3E1 

155 

127 

114 

160 

132 

33 

211 

183 

ET  22 

236 

208 

14 

244 

216 

220 

257 

229 

ET  2E1 

265 

237 

311 

324 

296 

3E3 

433 

405 

ET  21 

716 

688 

216 

739 

711 

2E3 

1,101 

1, 073 
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Phase  1 


Preliminary  Testing 


Fig.  1  Flow  diagram  for  determining  the  sensitivity  of  CT91  to 
foreign  contaminants  and  processing  anomalies. 
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(a)  Extrusion 


— , - 

—1 - 

1 

1  2 

1 

1 

_J _ 

Edge  Middle  Edge 


Fig,  2  Schematic  diagram  showing  (a)  two  regions  of  different 

amounts  of  local  strain  for  the  extrusion,  and  four  differ¬ 
ent  regions  for  the  forging. 
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Fig.  3  Notched  Fatigue  Specimen  Design. 


Fig.  4  Experimental  arrangement  for  notched  fatigue  tests,  (a), 
and  close-up  of  specimen  in  fixturing,  (b)  . 
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Notes : 

1.  Use  MRL  Procedure  for  Round  smooth  fatigue  specimen  to 
machine  specimen  and  prepare  surface  for  testing. 

2.  Leave  center  holes  in  each  end  of  specimen  to  maintain  concen¬ 
tricity  during  machining  and  polishing.  Surfaces  and  pitch  diameter 
of  thread  must  be  concentric  within  0.0005  in.  T1R. 

3.  Do  not  undercut  specimen  shoulder. 

4.  Specimen  orientation  W.R.T.  product  form  will  be  included  with 
the  identification. 

5.  All  dimensions  are  in  mm  (inches). 


Fig.  5  Preliminary  Smooth  Fatigue  Specimen. 


Test 

Number 

Product 
(Orient . ) 

Max .  Stress 
( ksi) 

K  ilocycles-to-Fa  ilure 

1 

EXT  (T) 

39.5 

440 

2 

FOR  (L-T) 

39.9 

401 

3  * 

FOR  (L-T) 

41.3 

4,652  (run-out) 

if  * 

FOR  (L) 

57.8 

516 

5  * 

EXT  (L-T) 

57.5 

37 

*  Gage  diameter  reduced  from  0.250  inches  to  0.1875  inches. 


Fig.  6  Results  of  preliminary  smooth  fatigue  tests. 
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Location  1 


Location  2 


Fig.  7  CT91  extrusion  microstructure  (  500X). 
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Loca  t  ion  1 


Location  2 


Fig.  8a  CT91  forging  microstructure  (  500X)  locations  defined  in  Fig.  2. 
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Location  3 


Location  4 


Fig*  8b  CT  91  Forging  Microstructure  (  500X). 
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Fig,  9  Comparison  of  monotonic  and  cyclic  stress-strain  curves. 
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Fig.  10  Preliminary  strain  control  low  cycle  fatigue  tests. 


cycles 


Cumulative  Probability,  % 


Fig.  11  Strain  control  (1.65  percent  maximum  strain)  fatigue  test 
results  for  extrusions. 
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cycles 


Cumulztive  Probability,  % 


Fig.  12  Strain  control  {1.65  percent  maximum  strain)  fatigue 

test  results  for  forgings. 
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kilocycles 


Fig.  13  Load  control  test  results  for  the  L  orientation  specimens 
from  the  extrusion. 
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k  ilocycles 


Fig.  14  Load  control  test  results  for  the  L-T  orientation  specimens 
from  the  extrusion. 
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k  ilocyctes 


— 

■  Low  load  (Table  12c) 

•  High  load  (Table  11c) 


Fig.  15  Load  control  test  results  for  the  L  orientation  specimens  from 
the  forging . 
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k  ilocycles 


Fig.  16  Load  control  test  results  for  the  L-T  orientation  specimens 
from  the  forging. 
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Strain  control  {1.65  percent  maximum  strain)  fatigue  test  results. 
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LOW  LOAD  (60  ksi,  413  MPa,  MAXIMUM  STRESS)  FATIGUE  TEST  RESULTS 
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Comparison  of  smooth  fatigue  life  of  P/M  and  I/M  extrusions. 


15X 


Fig.  21  Multiple  initiation  and  secondary  cracking  from  a  strain- 
control  specimen  which  is  a  statistical  outlier. 
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100X 


1000X 


Fig. 


22a 


Ai  fS  Ca 

Si 

CT91  forging  (L),  1624  Nf  initiation  site  A. 
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Bars:  Area  Scan  of  Inclusion 
Dots:  Background  Spectrum 


2000X  Al  s  Ca 

Si 

Fig.  22b  CT91  forging  (L),  1624  initiation  site  B. 


77 


10  ox 


1000X 


2000X 


Fig.  22c  CT91  forging  (L),  1624  initiation  site  C. 
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200X 


1000X 


2000X 

Fig.  22d  CT91  forging  ( L) ,  1624  N^.  initiation  site  D. 
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500X 
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Fig,  22 e  CT91  forging  (L),  1624  initiation  site  E. 
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SE  Image 


50X 


200X 


Fig.  23  Comparison  of  BSE  and  SE  images  of  aluminum  rich  inclusion 

at  crack  initiation  sites  for  a  forging  (a),  and  an  extrusion  { b) . 
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100X 


500X 


BSE  Image 


100X 


500X 


Fig.  23  (Continued)  (b)  extrusion. 
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3Q0X 


Fig.  24  Surface  initiation  at  a  zinc  rich  inclusion. 


-83- 


Fig.  25  Surface  initiation  site  at  an  iron  rich  inclusion. 
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15X 


(a)  Overview 


Fig.  26  Fatigue  initiation  from  a  microstructural  boundary. 
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1  sox 


50X 


200X 


2000X 


Fig.  26,  continued. 
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Fig.  27 
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1000X 


Fig.  28  Precision  sectioning  of  a  60  pm  long  aluminum  rich  area  in 
a  short  lived  extrusion  specimen. 
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Fig.  29  Precision  sectioning  of  a  short  lived  forging  specimen 
tested  at  60  ksi  (415  MPa  maximum  cyclic  stress). 
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500X  150 OX 


Fig .  29  Continued. 
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Fig.  31  Schematic  representation  of  high  cycle  fatigue  in  P/M 
titanium. 
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Fig.  32  Distortion  of  a  J  inch  (12.5  mm]  surface  slice  through 
the  thickness  of  the  2  inch  (50  mm)  forging. 
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Fig.  33  WeibutI  plot  for  longitudinal  extrusion  specimens  tested  at  a  maximum  cyclic  stress 
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Fig.  34  Weibull  plot  for  long-transverse  extrusion  specimens  tested  at  a  maximum  cyclic  stress 
of  60  ksi  (415  MPa),  R  =  0.1. 


Probability  Density 


Fig.  35  Weibull  probability  density  function  for  P/M  alloy  CT91  extrusion 
in  the  L  and  L-T  orientation. 
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Fig.  36  Several  oxide  inclusions  in  a  100  ym  diameter  area  at 
the  initiation  site  of  a  short  lived  specimen. 
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